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While the restoration of native grasses and shrubs in the Great Basin has become 
increasingly successful in recent years, the restoration of native forbs remains sporadic 
and largely unsuccessful. Previous studies have shown the period of favorable soil water 
conditions are often not long enough for successful forb restoration. Soil fungal 
pathogens have also been shown to contribute to unsuccessful forb restoration. Thus, 
novel treatments are needed to create and extend favorable conditions for the restoration 
of Great Basin forbs.  
Over two years, we conducted two field experiments at three sites spanning a 
latitudinal gradient in the Great Basin. In the first experiment, we evaluated two 
treatments for enhancing native forb restoration – snow fences and N-sulate fabric. In 
addition, we tested whether different fungicide and hydrophobic seed coatings could 
reduce mortality from soil fungal pathogens. To quantify treatment efficacy, we tracked 
the fate of sown seeds over four life stages. Treatments had varying degrees of success 
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based on each life stage and site. Snow fences increased establishment at the most 
southerly site, and N-sulate fabric increased seedling emergence at one of the two 
northerly sites. Seed coatings increased seedling emergence at all sites but had no effect 
on establishment or survival. None of our treatments increased survival in the second 
year of the experiment. 
In the second experiment, we replicated the first experiment and also quantified 
how snow fences and N-sulate fabric altered soil water availability to understand 
mechanisms influencing life stage outcomes. Overall, both treatments increased soil 
water availability but we did not find a clear relationship between increased soil water 
and increased life stage survival. Of our treatments, N-sulate fabric and seed coatings 
showed the most potential for use in native forb restoration due to increased seedling 
emergence and establishment. However, their efficacy was limited in later life stages. 
Although we did not find a single solution to improving forb restoration in the Great 
Basin, our results and insights are essential for developing new treatments and techniques 
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Public land management agencies, conservation organizations, and landowners 
are interested in expanding the diversity of plant species used in rangeland restoration 
seedings. While the restoration of native grasses and shrubs in the Great Basin has 
become increasingly successful, restoration of native forbs continues to be problematic. 
In the Great Basin, soil water availability and soil fungal pathogens are thought to limit to 
restoration success. During the course of two years, we conducted two field experiments 
at three sites in the Great Basin that spanned a latitudinal gradient encompassing different 
precipitation and temperature patterns.  
In the first experiment, we evaluated two treatments for enhancing native forb 
restoration – snow fences and N-sulate fabric. In addition, we tested whether multiple 
fungicide and hydrophobic seed coatings could reduce seed and seedling mortality from 
soil fungal pathogens. To quantify the effectiveness of treatments, we tracked the fate of 
sown seeds over four life stages: germination, seedling emergence, establishment, and 
second-year survival. We found that snow fences and N-sulate fabric had varying degrees 
of success for increasing seedling emergence or establishment but ultimately did not 
increase second-year survival. Seed coatings increased seedling emergence but did not 
increase establishment or second-year survival. 
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In the second experiment, we replicated the first experiment and also measured 
soil water availability to better understand how snow fences and N-sulate fabric alter soil 
water availability, and if differences in soil water availability can explain restoration 
outcomes. While we found that our treatments can increase soil water availability, 
increased soil water did not consistently result in better restoration outcomes. Snow 
fences did not benefit any life stage at any site while N-sulate fabric had positive and 
negative effects on forb restoration depending on the site. Seed coatings increased 
seedling emergence and establishment at all sites, warranting further research with other 
forb species. Results from both experiments provide insights for developing new 
treatments and techniques that can improve native forb restoration in the Great Basin and 
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Western rangelands in semiarid climates are continually exposed to periodic 
disturbances, such as wildfires, overgrazing, invasion by exotic or non-native species, 
and climate change (Bushman et al., 2010; Davies et al., 2011; Abella et al., 2012). These 
disturbances can dramatically influence plant community composition; alter water, 
nutrient, and fire cycles; and decrease forage for livestock and wildlife (Davies and 
Bates, 2014). In response to disturbance, restoration to re-establish native plant 
communities is often necessary to avoid soil erosion, prevent the spread of invasive 
species, and deter the impairment of vital ecosystem services and functions (Bushman et 
al., 2010; Knutson et al., 2014; Svejcar et al., 2017). As disturbances become more 
commonplace and environmental degradation increases, there is an ever-growing demand 
by the general public, conservation organizations, private landowners, and public land 
managers to increase the biodiversity of rangeland restoration seedings and restore 
rangelands with native plant species, especially native forbs (Richards et al., 1998; Shaw 
et al., 2005; Jones et al., 2016; Copeland et al., 2017). 
While grasses and shrubs typically comprise the core of restoration seedings, 
other plant species, specifically native forbs, are disproportionately underrepresented 
(Rawlins et al., 2009; Parkinson et al., 2013; Bushman et al., 2015). While forbs have 
been listed as diverse components of rangeland plant communities, they have not been a 
primary focus in land management practices (Sheley and Half, 2006; Bushman et al., 
2010; Parkinson et al., 2013; Bushman et al., 2015; Pilliod et al., 2017). Native rangeland 
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plant communities, especially those containing forbs, are essential to ecosystem function 
(Rawlins et al., 2009; Bushman et al., 2015; Jones et al., 2016). Native forbs increase 
plant community diversity, provide resistance to disturbance, and help facilitate nutrient 
cycling (Pokorny et al., 2004; Walker and Shaw, 2005; Prevéy et al., 2010; Chambers et 
al., 2014). Forbs can also hinder the invasion of nonnative plant species by stabilizing 
disturbed areas, reducing erosion, and increasing competition for available resources 
(Chambers et al., 2007; Rawlins et al., 2009; Abella et al., 2012; Leger et al., 2014). 
Furthermore, forbs provide vital ecosystem services that sustain wildlife, such as Greater 
sage-grouse and native pollinators (Shaw et al., 2005; Cane, 2011; Parkinson et al., 
2013).  
Despite considerable progress in the development of new technologies and 
techniques for using native plants to restore disturbed ecosystems (Wirth and Pyke, 2003; 
Huber-Sannwald and Pyke, 2005; Goergen and Chambers, 2012; Madsen et al., 2012, 
2014, 2016a, 2016b), the lack of methods to successfully restore native forbs continues to 
limit their use in most restoration projects in the Great Basin (Shaw et al., 2005; Rawlins 
et al., 2009; Bushman et al., 2015). High seed costs, limited seed availability, and low 
success rates are routinely cited as some of the major limitations to the incorporation of 
native forbs in restoration projects (Wirth and Pyke, 2003; Rawlins et al., 2009; Bushman 
et al., 2015). Often, restoration of disturbed rangelands is viewed as a simple matter of 
introducing and rapidly establishing a permanent, static plant community (Call and 
Roundy, 1991; Svejcar et al., 2014). However, this perception is usually not valid on 
many rangelands where restoration is a long-term, dynamic process that is influenced by 
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factors of disturbance, climatic fluctuation, and highly variable precipitation events (Call 
and Roundy, 1991; Svejcar et al., 2014; Hardegree et al., 2016, 2017).  
Although seeding of rangeland plant seeds is a common management practice to 
counter land degradation across the globe, the majority of seeding efforts, especially in 
rangelands, often have limited success or fail entirely (James et al., 2011; Boyd and 
Davies, 2012; James et al., 2012). The inability of current revegetation practices to 
restore native plant communities, especially those containing forbs, indicates that we may 
not truly understand the ecological processes governing forb germination and 
establishment (Sheley et al., 2006; Madsen et al., 2016a). 
Often, seeding failure is the result of highly variable environmental conditions, 
limited precipitation and soil water availability, and soil fungal pathogens (Crist and 
Friese, 1993; James et al., 2011; Gornish et al., 2015; Hardegree et al., 2016, 2017). 
Successful restoration in semiarid ecosystems is typically governed by soil water 
availability during early plant life stages (Roundy, 1985; Kitajima and Fenner, 2000; 
David, 2013; Hardegree et al., 2017). Seed germination and seedling growth are often 
cited as the critical stages of plant development leading to the establishment of new 
individuals in plant communities (Frasier, 1989; Kitajima and Fenner, 2000; Fay and 
Schultz, 2009). Both seed germination and seedling growth are highly susceptible to 
environmental variability, and require favorable abiotic and biotic soil conditions 
(Blackshaw, 1990; Banerjee et al., 2006; Fay and Schultz, 2009; Minnick and Alward, 
2012; Kildisheva and Davis, 2013).  
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Soil water is paramount for seed germination, seedling emergence, and seedling 
establishment with higher levels of water alleviating competitive pressures on seeds and 
seedlings from existing vegetation that have developed root systems (Thill et al., 1979; 
Roundy, 1985; Roundy et al., 2001; Minnick and Alward, 2012; Goergen and Chambers, 
2012; Gornish et al., 2015; Horn et al., 2015). In semiarid ecosystems, precipitation and 
soil water availability vary widely between and within years, leading to short periods of 
favorable conditions for plant development (Abbott and Roundy, 2003; Hardegree et al., 
2016, 2017). Within the semiarid Great Basin, mean annual precipitation ranges from 15 
to 41 cm (West, 1983; Bailey, 1995; Svejcar et al., 2017). The seasonality of precipitation 
also varies with annual precipitation typically occurring from October through May in the 
form of winter and spring precipitation with little summer precipitation (West, 1983; 
Bailey, 1995). 
As precipitation becomes infrequent in the Great Basin with the onset of summer, 
soil water availability quickly decreases and becomes limiting for plants (Roundy, 1985; 
Kildisheva and Davis, 2013). Thus, plant survival during early life stages is dependent 
upon precipitation frequency and intensity, soil water availability, and the ability of seeds 
to germinate and physiologically develop as precipitation and soil water decreases 
(Roundy, 1985; Blackshaw, 1990; Banerjee et al., 2006; Taylor et al., 2007; Goergen and 
Chambers, 2012; Rawlins et al., 2012). If soil water is available in abundant quantities 
during early life stages, seedlings often have a much higher rate of establishment and 
survival (Huber-Sannwald and Pyke, 2005; Taylor et al., 2007; Prevéy et al., 2010; James 
et al., 2011; David, 2013; Compagnoni and Adler, 2014). Therefore, restoration 
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techniques that increase or sustain soil water availability during forb life stages in the 
spring and summer may lead to better restoration outcomes.  
Biotic factors are additional barriers for successful restoration of native forb 
species in rangeland restoration. In many ecosystems, fungal pathogens are ubiquitous in 
soil and can have multiple, negative effects on seeds, resulting directly in seed and 
seedling mortality or indirectly through altered seedling survivorship following 
germination (Crist and Friese, 1993; Schafer and Kotanen, 2003; Van Mourik et al., 
2005; Wagner and Mitschunas, 2008; Mitschunas et al., 2009; Mordecai, 2012). In 
sagebrush-steppe rangelands, soil fungal pathogens can lead to the death or 
decomposition of seeds or germinated seeds (Crist and Friese, 1993; James et al., 2011, 
2012; Gornish et al., 2015). As seeds germinate and protective seed structures are lost, 
seedlings are also vulnerable to soil fungal pathogens (Dalling et al., 2011; James et al., 
2011) through damping-off, seedling blight, and root rot (Kitajima and Fenner, 2000; 
Madsen et al., 2016a). 
Because many pathogen-plant relationship studies in the Great Basin have 
focused on native grasses and shrubs (Sturges, 1989; James et al., 2011; Wijayratne and 
Pyke, 2012; Gornish et al., 2015), relatively little is known regarding the effects of soil 
fungal pathogens on forb species native to the Great Basin. Given the extended amount of 
time between germination and seedling emergence, soil fungal pathogens may be a biotic 
factor that significantly influences native forb restoration (James et al., 2011, 2012). 
Thus, restoration treatments that reduce mortality from soil fungal pathogens may 
improve native forb restoration.   
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While soil water availability and soil fungal pathogens may be substantial barriers 
to native forb germination, seedling emergence, and establishment, practical methods for 
ameliorating these abiotic and biotic conditions for restoration are lacking. Within the 
Great Basin, numerous techniques have been used for restoring native plant communities 
(Pilliod et al., 2017). Some of the more widespread techniques consist of mechanical 
treatments (Abella et al., 2012; Davies and Bates, 2014; Hess and Beck, 2014), chemical 
treatments (Allen et al., 2005; Pokorny and Mangold, 2009; Abella et al., 2012), 
prescribed fire or mowing (Wrobleski and Kauffman, 2003; Allen et al., 2005; Abella et 
al., 2012; Hess and Beck, 2014), and seeding (Sheley and Half, 2006; Thompson et al., 
2006; Hulet et al., 2010; Boyd and Svejcar, 2011; Fansler and Mangold, 2011; Boyd and 
Davies, 2012; Knutson et al., 2014; Taylor et al., 2014; Uselman et al., 2015). Although 
these treatments are becoming increasingly successful for the restoration of native grasses 
and shrubs in the Great Basin, they continue to have limited success with native forbs 
(Wirth and Pyke, 2003). To address this gap, my thesis will evaluate three novel 
restoration treatments for ameliorating the effects of limited soil water and soil fungal 
pathogen attacks on native forb restoration: snow fences, plant protection fabric, and seed 
coatings.  
In the U.S. Intermountain West, where much of the annual precipitation falls in 
the form of snow (West, 1983; Bailey, 1995), snow fences have the potential to serve as a 
restoration tool. Snow fences placed perpendicular to the prevailing winter wind allows 
the capture of wind-blown snow in dense drifts (Griffith and Loik, 2010). Snow fences 
create zones of increased snow accumulation immediately downwind of the snow fence 
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and an area of reduced snow accumulation farther downwind (Griffith and Loik, 2010). 
Depending on the depth of the snow drift created by the fence, snow accumulation can 
significantly influence soil properties, particularly soil water (David, 2013). The legacy 
effect of increased snowpack can lead to increases in soil water availability in the spring 
and summer (Blumenthal et al., 2008; David, 2013; Gornish et al., 2015), which can 
increase restoration success (David, 2013; Gornish et al., 2015).  
Plant protection fabric or landscape cloth, while less commonly used in semiarid 
or arid restoration, also has the potential to provide favorable abiotic conditions for forb 
restoration in the Great Basin. Plant protection fabric was originally developed to control 
insect pests and protect plants in horticultural and agricultural production settings 
(Duncan et al., 2009; Daugovish and Mochizuki, 2010). In forest and wetland 
ecosystems, fabrics have been used to enhance seed germination and seedling 
development because of the insulation it provides for seeds and seedlings (Geyer et al., 
2008; Tilley et al., 2009; West et al., 2012). By acting as an insulating barrier against soil 
freezing and enhancing soil water availability (Monks et al., 1997; Geyer, 2001; Geyer et 
al., 2008; Tilley et al., 2009; Harris et al., 2015), plant protection fabric has the potential 
to create favorable abiotic conditions for rangeland restoration.  
Finally, seed coating is increasingly being examined as a restoration tool in the 
Great Basin (Gornish et al., 2015; Madsen et al., 2016a; Williams et al., 2016). Seed 
coating is frequently used within the seed and agricultural industry to apply materials to 
the surface or external portions of the seed (Halmer, 2008; Madsen et al., 2013, 2016b). 
Seed coating technologies allow for the direct application of various materials to a seed 
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that can influence seed germination and seedling emergence (Madsen et al., 2016a). With 
this technology, fungicides can be directly applied to a seed coat, creating a protective 
barrier that reduces seed and seedling mortality from soil fungal pathogens (Madsen et 
al., 2016a). Alternatively, hydrophobic materials and polymers can also be applied to a 
seed coat (Turner et al., 2006; Madsen et al., 2016a), which can help mitigate highly 
variable abiotic conditions by preventing seed imbibition and germination until more 
optimal soil water conditions in the spring (Madsen et al., 2016a). 
The specific objectives of my thesis research were to: (i) evaluate the efficacy of 
snow fences, plant protection fabric, and seed coatings on native forb restoration during a 
two-year field experiment and (ii) quantify the effect of snow fences and plant protection 
fabric on soil water availability and determine the efficacy of snow fences and plant 
protection fabric on native forb seedling emergence, establishment, and survival over one 
growing season. 
In Chapter 2, we evaluated whether snow fences, plant protection fabric, and seed 
coatings increases life stage survival and restoration success of two native forb species 
over a two-year field experiment. In Chapter 3, we quantified the effect of snow fences 
and plant protection fabric on soil water availability over one growing season and the 
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EVALUATING NOVEL TECHNIQUES FOR NATIVE FORB RESTORATION IN 
THE GREAT BASIN 
 
Abstract 
The restoration of native forbs in the Great Basin remains challenging and 
problematic. Variable soil water and the presence of soil pathogens are thought to 
contribute to unsuccessful restoration. Novel treatments that increase soil water or reduce 
mortality from soil pathogens are needed for increasing restoration success of native 
forbs. We compared the efficacy of two treatments for enhancing native forb restoration: 
snow fences and N-sulate fabric. Treatments were selected based on their potential to 
improve soil water availability. We also examined whether different fungicide and 
hydrophobic seed coatings could reduce mortality from soil pathogens. We replicated 
treatments plus a no-treatment control at three sites in the Great Basin in a randomized 
complete block design over two years. Basalt milkvetch (Astragalus filipes Torr. ex A. 
Gray) and western prairie clover (Dalea ornata Douglas ex Hook.), forb species native to 
the Great Basin, were seeded inside each treatment. Sites spanned a latitudinal gradient to 
encompass different precipitation and temperature regimes. To evaluate the efficacy of 
our restoration treatments, we measured germination, seedling emergence, establishment, 
and second-year survival. Basalt milkvetch was the only species that was influenced by 
our treatments while western prairie clover had near-zero germination and subsequent 
seedlings. The effects of snow fences and N-sulate fabric varied by life stage and site 
with snow fences increasing establishment at the most southerly site, and N-sulate fabric 
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increasing seedling emergence at one of the two northerly sites. Seed coatings increased 
seedling emergence at all sites but did not affect establishment or survival. None of our 
restoration treatments affected second-year survival, and survival was low overall. Our 
study indicates that our treatments are most effective during the first year of restoration 




Seeding is a key management practice to counter land degradation and 
disturbance in semiarid ecosystems (Knutson et al., 2014). While grasses and shrubs 
typically comprise the core of restoration and revegetation seedings, other functional 
groups, especially native forbs, are under-represented due to limited availability and high 
seed costs (Richards et al., 1998; Walker and Shaw, 2005). Furthermore, many forb 
seedings have limited success or fail entirely (Rawlins et al., 2009). Abiotic and biotic 
factors can significantly limit the successful restoration of forb species (Parkinson et al., 
2013; Jones et al., 2016). In particular, unsuccessful native forb restoration is often the 
result of highly variable environmental conditions such as limited soil water and the 
presence of soil fungal pathogens (James et al., 2011; Hardegree et al., 2017).  
In semiarid ecosystems, precipitation and soil water availability vary sharply 
within and between years, resulting in short time frames in which soil water is adequate 
for plant establishment and survival (Chambers et al., 2007). This variability can lead to 
low rates of seed germination and can negatively affect newly emerged seedlings (Pyke, 
1990; Chambers, 2000). In addition, biotic factors, such as soil pathogens, have also been 
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shown to inhibit seed germination and seedling emergence (Crist and Friese, 1993; 
Gornish et al., 2015). In sagebrush-steppe ecosystems, soil pathogens can cause a 
significant amount of seed loss and mortality (Chambers and MacMahon, 1994) and can 
kill vulnerable seedlings through seedling blight and root rot (Madsen et al., 2016).  
Due to the importance of both abiotic and biotic conditions in restoring native 
forbs, restoration often focuses on manipulating these conditions to increase 
establishment. Multiple restoration methods for altering soil water availability in semiarid 
ecosystems have been examined (Pilliod et al., 2017). These include mulching, which 
decreases evaporation and may increase infiltration (Banerjee et al., 2006); chiseling, 
which increases infiltration and percolation (Winkel et al., 1991); imprinting, which 
consists of creating small depressions or microsites in the soil to facilitate moisture 
accumulation and retention (Montalvo et al., 2002); and irrigation (Roundy et al., 2001). 
Similarly, other studies have examined how fungicides (Cox et al., 2011) or other soil 
amendments such as biochar (Lehmann et al., 2011) and activated carbon (Kulmatiski, 
2011) can affect restoration outcomes by altering soil pathogen loads.  
We examined two novel techniques that have the potential to directly affect 
abiotic site conditions – snow fences and plant protection fabric. Additionally, we also 
used seed coatings to alter how seeds interact with soil pathogens and soil water. In the 
Great Basin Region of the U.S., where much of the annual precipitation falls in the form 
of snow (Bailey, 1995), snow fences have the potential to serve as a restoration tool. 
Snow fences can alter site conditions by capturing wind-blown snow into dense snow 
drifts, which depending on depth, duration of snow pack, and timing of snow melt, can 
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lead to significant increases in soil water availability throughout the spring and summer 
(David, 2013; Loik et al., 2013). Snow fences have been shown to improve restoration 
outcomes by increasing soil water availability during periods of seed germination and 
seedling emergence, leading to an increase in seedling emergence and establishment of 
Wyoming big sagebrush (Artemisia tridentata Nutt. subsp. wyomingensis [Beetle and A. 
Young]) and other native species in sagebrush-steppe restoration (David, 2013). Their 
use for restoration of native forbs, however, has been limited (but see, David, 2013). 
Plant protection fabric, while less commonly used in dryland restoration, can also alter 
abiotic conditions by reducing evaporation and thus enhancing soil water availability 
(Geyer, 2001). Although plant protection fabric has been shown to have positive effects 
on establishment in temperate ecosystems (Tilley et al., 2009), the use of this fabric to 
alter abiotic conditions for restoration within semiarid ecosystems has remained relatively 
unexplored (but see, Schmal et al., 2007).  
Managers can also potentially increase native forb restoration success by 
manipulating seeds rather than the surrounding abiotic conditions. Seeds of many Great 
Basin species are physiologically and/or physically dormant and require a dormancy-
breaking treatment to germinate (Monsen and Stevens, 2004). Seeds that are physically 
dormant are often scarified with acid or mechanical treatments, while seeds that are 
physiologically dormant require a period of cold and moist or warm and moist 
stratification to increase germination (Baskin and Baskin, 2001). Seed coating allows for 
the direct application of various materials to a seed that can influence seed germination 
and seedling emergence. With this technology, fungicides can be directly applied to a 
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seed coat, creating a protective barrier that reduces seed and seedling mortality from soil 
fungal pathogens (Madsen et al., 2016). Alternatively, hydrophobic materials and 
polymers can also be applied to a seed coat, which can help mitigate highly variable 
abiotic conditions by preventing seed imbibition and germination until more optimal soil 
water and temperature conditions in the spring (Madsen et al., 2016).  
In this study, we examined how snow fences, plant protection fabric, and seed 
coatings affected native forb restoration. To accomplish this, we conducted a field 
experiment at three sites in the Great Basin that spanned a latitudinal gradient. At each 
site, we quantified germination, seedling emergence, seedling establishment, and second-
year survival of two native forbs. As such, we were able to determine which treatments 
led to the greatest success at each life stage and whether treatments had similar effects 




Study sites were located in former agricultural fields in Utah and Idaho on the 
eastern edge of the Great Basin (Fig. 2-1). Utah sites included Clarkston (41°53'47.0"N, 
112°02'44.8"W, 1307 m) and Spanish Fork (40°03'59.4"N, 111°37'44.3"W, 1438 m), and 
the Idaho site was located near Downey (42°28'37.4"N, 112°06'00.1"W, 1482 m). The 
climate of these sites is typical of the Great Basin Region (semiarid and continental) with 
hot, dry summers and cold, moist winters (Bailey, 1995). Most precipitation occurs from 
October through May as snow or snow mixed with rain (West, 1983). Mean monthly 
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precipitation and temperature for each site during the period of study along with the 30-
year average are shown in Fig. 2-2, A-C. 
All sites were historically sagebrush-steppe ecosystems primarily dominated by 
Artemisia tridentata Nutt. (big sagebrush), Pseudoroegneria spicata (Pursh) Á. Löve 
(bluebunch wheatgrass), and Festuca idahoensis Elmer (Idaho fescue) with other minor 
shrubs, grasses, and forbs. The former agricultural fields are now dominated by one or 
more of the following: Bromus tectorum L. (cheatgrass), Lactuca serriola L. (prickly 
lettuce), Ceratocephala testiculata (Crantz) Roth (curveseed butterwort), Veronica biloba 
L. (twolobe speedwell), Amaranthus blitoides S. Watson (prostrate pigweed), and 
Convolvulus arvensis L. (field bindweed). Soil types consist of Mendon silt loam at 
Clarkston (fine-silty, mixed Calcic Pachic Argixeroll), Timpanogos fine loam at Spanish 
Fork (fine-loamy, mixed Calcic Argixeroll), and Rexburg silt loam at Downey (coarse-
silty, mixed Calcic Haploxeroll) (Soil Survey Staff, 2017). 
 
Experimental Design 
The experiment was conducted over two years using a randomized complete 
block design. In the fall of 2015, we established three treatments (snow fences, N-sulate 
fabric, and control) in 3.6 m x 19.5 m plots arranged in four blocks at each site (Appendix 
1). We installed patented snow fences (0.6 m tall x 29 m long) (David Scientific, 
Pinedale, WY, USA) in snow fence plots with one fence installed 0.6 m upwind of the 
plot, one fence 1.8 m downwind of the plot, and 5.4 m between fences. Fences were 
oriented perpendicular to the prevailing winter wind at each site. We also installed N-
sulate plant protection fabric (DeWitt, Sikeston, MO, USA) with a tractor and covered 
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the edges of the fabric with soil in N-sulate plots. Prior to treatment installation, all plots 
were tilled and treated with an application of glyphosate (0.5 kg · ha-1) to remove any 
remnant vegetation. Snow fences and N-sulate fabric were removed from plots in the 
spring of 2016 to minimize effects from shading or wind disruption during the growing 
season.   
In the fall of 2015, we seeded basalt milkvetch (Astragalus filipes Torr. ex A. 
Gray) and western prairie clover (Dalea ornata Douglas ex Hook.) into plots. Both 
species are perennial forbs native to the U.S. Intermountain West and are important 
candidates for restoration within the Great Basin due to their high seed production, wide 
habitat distribution, and prominence in recently burned areas (Bhattarai et al., 2008; 
Bushman et al., 2010). Additionally, these species are adapted to sites that receive 200 to 
600 mm annual precipitation, making them ideal for restoration within the Great Basin 
(Bushman et al., 2015). Seeds were subjected to 14 different seed coating treatments 
(Table 2-1) then sown into individual 1.5 m rows, spaced 0.6 m apart using a cone seeder 
attached to a tractor (Hege Company, Waldenburg, Germany) (Appendix 1). All seeds 
were sown to a depth of approximately 1 - 2 cm. Seeding rates were 135 and 212 PLS 
(pure live seed) per row for basalt milkvetch and western prairie clover, respectively. 
Seed viability for acid scarified seeds was 91 and 58%, respectively, which was 
determined with standard seed viability tests using tetrazolium chloride performed by the 
Utah State Seed Laboratory (Salt Lake City, UT, USA). Seeds were obtained from the 
U.S. Department of Agriculture, Agricultural Research Service, Forage and Range 
Research Laboratory in Logan, UT, USA.  
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To quantify germination, we installed nylon mesh bags buried at a soil depth of 1 
- 2 cm during the fall of 2015. Germination bags contained 25 seeds, each bag with a 
different seed coating treatment (Table 2-1). We mixed seeds with finely sieved soil from 
individual field sites to maintain contact with bulk soil, and buried the bags inside each 
treatment adjacent to the planted rows. This method allowed for total seed recovery 
(Abbott and Roundy, 2003).   
 
Data Collection 
Snow Depth: To determine if snow fences altered snow depth, we measured snow 
depth at each site during January 9 – 20, 2016 and February 16 – 22, 2016. This was 
measured at 1 m intervals along two 30 m transects perpendicular to each plot. Transects 
extended from 10 m upwind to 20 m downwind of each plot.  
Seed Germination: We retrieved germination bags in March 2016. Following 
retrieval, we separated soil from seeds by washing through a 0.25 mm mesh sieve. All 
seeds were visually assessed for germination. Seeds that displayed a radicle at the time of 
retrieval were considered germinated.  
Seedling Emergence, Establishment, and Second-Year Survival: Following 
snowmelt, we monitored seedling emergence in planted rows from March through June 
2016 by counting the number of seedlings per row. We defined seedling emergence as a 
seed producing a coleoptile above the soil surface (Fenner and Thompson, 2005). We 
monitored establishment, defined as a seedling surviving to the end of the growing season 
by counting the number of seedlings present in July. We monitored second-year survival 
by counting the number of plants that were present the following year in June 2017. We 
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used the number of Growing Degree Days (GDDs) at each site to determine sampling 
dates for emergence and establishment counts (Romo and Eddleman, 1995). This offset 
environmental differences among the three sites (Fig. 2-2, A-C) and allowed us to 
compare the efficacy of treatments with a latitudinal site gradient. We monitored seedling 
emergence from 142 – 602 GDDs and establishment from 950 – 1400 GDDs.   
 
Data Analysis  
All analyses were conducted with R Software 3.4.0 (R Core Team, 2017). Snow 
depth data were analyzed using a linear mixed effects model with the {nlme} package 
(Pinheiro et al., 2017). For these models, site and treatment were treated as fixed effects 
while block was treated as a random effect. January and February were analyzed 
separately. Model selection was completed by comparing nested models that included all 
main effects and interactions and then removing insignificant factors or interactions (p > 
0.05) in subsequent models based on Akaike Information Criterion (AIC) values (Bolker 
et al., 2009).  
Seed germination, seedling emergence, establishment, and second-year survival 
were analyzed separately with Generalized Linear Mixed Models (GLMMs). GLMMs 
were fit with a binomial error distribution using the {lme4} package (Bates et al., 2014). 
Western prairie clover was excluded from all analyses due to near-zero germination, 
seedling emergence, and establishment. In the spring of 2016, a heavy precipitation event 
resulted in a large sediment deposit inside one block at Downey. We thus excluded the 
affected block from analyses.  
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Germination was calculated as the number of germinated seeds per 25 seeds 
added to each bag. Seedling emergence was calculated as the maximum number of 
seedlings counted in planted rows from March through June 2016 divided by the number 
of seeds planted (i.e., 135). Establishment was calculated as the number of seedlings 
present in planted rows in July divided by the number of seeds planted. Second-year 
survival was calculated as the number of plants present in planted rows in June 2017 
divided by the number of seeds planted.  
For all life stage analyses, site, treatment, and seed coatings were treated as fixed 
effects while block was treated as a random effect. To account for overdispersion (i.e., 
higher variance than expected for binomial data) a bag-level or observation-level random 
effect was also included in each model (Elston et al., 2001). Model selection was 
completed by comparing nested models that included all factors and interactions and then 
removing insignificant factors or interactions (p > 0.05) in subsequent models based on 
AIC values (Bolker et al., 2009).  
For all analyses, treatment differences were evaluated with post hoc testing using 
Tukey-Kramer LSD with means adjusted for multiple comparisons using the {lsmeans} 




A significant site by treatment interaction was observed for snow depth in both 
January and February (Fig. 2-3, A-C). In January, snow fencing increased snow depth 
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compared to other treatments at both Clarkston (p < 0.0001) and Downey (p = 0.0008) 
but not at Spanish Fork (p = 0.9) (Fig. 2-3, A-C).  At Clarkston, plant protection fabric 
plots had deeper snowpack than control plots (p = 0.0008) while at Downey, plant 
protection fabric plots had the least amount of snow in any plot (p = 0.0087). In February, 
snow was deepest in snow fencing plots compared to control and plant protection fabric 
plots at all sites (p < 0.0001), while snow depth was similar between plant protection 
fabric and control plots at all sites (p > 0.05) (Fig. 2-3, A-C).  No appreciable increase in 
snow depth occurred at any site after February, and snow had completely receded from 
all treatments by March 10-11, 2016.  
 
Germination  
Germination rates were significantly lower in snow fence plots compared to 
control and N-sulate plots (p = 0.0075), which did not differ significantly from each other 
(p = 0.82) (Fig. 2-4, A-C). A significant site by seed coating treatment interaction was 
observed for germination (Fig. 2-5, A-C). Unscarified seeds had the lowest germination 
at Downey and Clarkston. Acid scarification increased germination at Clarkston (p = 
0.01) and Downey (p = 0.0006), but not at Spanish Fork (p = 0.99). Fungicide- or 
hydrophobic-only coatings did not increase germination at any site. At Clarkston, 
combining fungicide and hydrophobic coatings increased germination compared to acid 
scarification (p < 0.0001), but, we did not observe this at Downey or Spanish Fork. While 
some seed treatments increased germination at Clarkston and Downey compared to 
unscarified and acid scarified seed, germination did not differ among any of the seed 




 Seedling emergence differed among treatments at each site (Fig. 2-4, A-C). At 
Downey, the highest seedling emergence was observed in the control plots (p = 0.01). 
Emergence was highest in N-sulate plots at Clarkston (p = 0.01), while at Spanish Fork 
seedling emergence was highest in the snow fence and control plots, which did not 
significantly differ from each other (p = 0.8) 
The effects of seed coatings on seedling emergence did not differ among sites (p > 
0.05) or by treatments (p > 0.05) (Fig. 2-6). Similar to germination, unscarified seeds had 
the lowest seedling emergence across all sites (p = 0.0001). Unlike germination, acid 
scarification did not result in increased seedling emergence compared to unscarified seed 
(p = 0.92). Of the three fungicide coatings, only FarMore® fungicide increased seedling 
emergence compared to acid scarified seed (p = 0.01). Hydrophobic coatings alone did 
not increase seedling emergence compared to acid scarified seed. However, some 
combinations of fungicide and hydrophobic coatings increased seedling emergence 
compared to acid scarified seed. Specifically, Obvius® fungicide and hydrophobic rates 1 
or 2 (p = 0.0003 and p < 0.0001, respectively), along with FarMore® fungicide and 
hydrophobic rates 1 or 2 (p = 0.0250 and p = 0.0002, respectively), increased seedling 
emergence compared to acid scarified seed.  
 
Seedling Establishment 
 Seedling establishment was highly variable at all sites, ranging from 0.9 - 9% of 
seedlings surviving to the end of the first growing season (Fig. 2-4, A-C). At Downey and 
Clarkston, seedling establishment was similar among all treatments (p > 0.05), while 
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establishment was highest in the snow fence plots at Spanish Fork (p = 0.02). Seedling 
establishment was not significantly different among seed coating treatments at any study 
site (p > 0.05).  
 
Second-Year Survival 
Due to the overall greater survival at Downey compared to Clarkston and Spanish 
Fork, there was a significant site by treatment interaction that influenced second-year 
seedling survival. However, post hoc tests did not detect any significant differences 
among treatments at any site (p > 0.05). In addition, we found that seed coatings did not 
affect survival of basalt milkvetch at any site or in any treatment (p > 0.05). Overall, 
plant survival from 2016 to 2017 was low, with 6.26% ± 2.09% (mean ± SE, 
respectively) of plants surviving from 2016 to 2017 at Downey, 0.06% ± 0.02% at 
Clarkston, and 0.48% ± 0.18% at Spanish Fork. 
 
Discussion 
 The restoration success of native forbs is typically low in the Great Basin due to 
both abiotic and biotic conditions (e.g., soil water and soil pathogens) that limit seed 
germination, seedling emergence, establishment, and survival (Chambers, 2000; Wirth 
and Pyke, 2003). While none of our treatments ultimately influenced second-year 
survival, our results indicate that snow fences, N-sulate fabric, and seed coatings can 
influence particular life stages of basalt milkvetch in the first year following seed 
planting; however, these effects varied by site. These results could be due to snow fences 
and N-sulate fabric directly altering soil water or combinations of fungicide and 
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hydrophobic seed coatings reducing mortality from soil fungal pathogens and delaying 
seed germination and emergence to coincide with favorable abiotic conditions in the 
spring. Our results highlight how land managers and practitioners might manipulate site 
conditions or alter seeds to increase survival at each life stage.  
 
Germination 
Snow fences had a negative effect on germination, while N-sulate fabric had no 
effect on seed germination. Only one seed coating at Clarkston increased germination 
(Obvius® fungicide combined with hydrophobic rate 1) (Fig. 2-5, B). We expected to see 
increased germination in snow fence and N-sulate plots due to their potential to increase 
soil water availability (Schmal et al., 2007; David, 2013). Additionally, given the 
generalist role that soil pathogens play in multiple ecosystems, especially sagebrush-
steppe ecosystems (Crist and Friese, 1993), we expected seed coatings with fungicide to 
exhibit higher rates of germination.  
Snow fence and N-sulate treatments may not have increased soil water at sites, or 
alternatively, soils may already have been saturated in the spring from snowmelt during 
the germination phase. Further, while soil pathogens may not play a role in reducing 
germination at our sites, it is also possible that our seed coatings may have been 
ineffective at reducing pathogen mortality between seed planting and germination. Other 
studies suggest that for some plant species, seed coatings may have a large effect at later 
life stages (Liu et al., 2010), especially hydrophobic coatings that delay seed germination 
and seedling emergence until later in the spring (Madsen et al., 2016).   
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While not a focal treatment in our study, acid scarification significantly increased 
germination at Downey and Clarkston (Fig. 2-5, A and B). These results were similar to 
those found in previous studies with basalt milkvetch (Bushman et al., 2015) and other 
Astragalus species (Long et al., 2012). In addition, in a restoration experiment in the 
northern Great Basin, Wirth and Pyke (2003) found that germination of woolypod 
milkvetch (Astragalus purshii Dougl. ex Hook.) was increased in shrub interspaces, 
which have unfavorable abiotic conditions compared to adjacent microsites with 
increased soil water availability. Wirth and Pyke (2003) hypothesized that germination of 
woolypod milkvetch may have been increased due to continual exposure of seeds to frost 
upheaval, which forced seeds against gravel, resulting in abrasive action that scarified the 
seeds. Because acid scarification alone increased germination of basalt milkvetch, future 
research that focuses on dormancy breaking treatments may be more effective at 
increasing the restoration of basalt milkvetch in Great Basin ecosystems. 
 
Seedling Emergence  
In line with previous restoration studies in semiarid ecosystems (Wirth and Pyke, 
2003; Banerjee et al., 2006), we found that native forb restoration was limited by seedling 
emergence, as indicated by low emergence rates at all sites, with 4 -14% of sown seeds 
emerging as seedlings (Fig. 2-4, A-C and Fig. 2-6). While snow fences and N-sulate 
fabric generally had mixed effects on seedling emergence, specific fungicide-only and 
fungicide-plus-hydrophobic seed coatings may hold promise for increasing seedling 
emergence (Fig. 2-6). 
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Contrary to our expectations, snow fences did not increase seedling emergence 
compared to control plots at any site. Snow fences generally decreased seedling 
emergence at Downey, and had no effect on seedling emergence at Clarkston and Spanish 
Fork. Snow fences may have had a negative on seedling emergence due to prolonged 
periods of possible soil saturation in snow fence plots when deep snowpack melted in the 
spring. Sturges (1989) showed this to be the case in a snow fence study at a sagebrush-
steppe site in southern Wyoming, where increased snow depth in snow fence plots 
exhibited prolonged periods of soil saturation in the spring, which resulted in high 
mortality of mountain big sagebrush (Artemisia tridentata Nutt. subsp. vaseyana (Rybd.) 
Beetle) seedlings. Similarly, grassland forb species in a greenhouse study also exhibited 
reduced seedling emergence and survivorship during periods of prolonged soil saturation 
(Fay and Schultz, 2009). Contrary to other snow fence studies (David, 2013), our results 
indicated that snow fences may not be effective for increasing seedling emergence of 
native forbs. 
N-sulate fabric was the best treatment for increasing seedling emergence at 
Clarkston. Other studies using N-sulate fabric have found that soil temperatures under the 
fabric were 3 - 5°C higher compared to uncovered soils (Harris et al., 2015). Although we 
did not measure soil temperatures in this study, it is possible that N-sulate fabric insulated 
seedlings and kept soil temperatures warmer compared to the snow fence or control 
treatments, especially during periods of cold or freezing temperatures at Clarkston. 
Warmer soil temperatures have been found to increase emergence rates of native grasses 
and forbs in other Great Basin restoration studies (Boyd and Lemos, 2013; Kildisheva 
38 
 
and Davis, 2013). In addition, soil water under the N-sulate fabric may have been higher 
due to reduced evaporation, which may have contributed to increased seedling 
emergence. 
In contrast to results from Clarkston, we found that the N-sulate fabric 
significantly decreased seedling emergence compared to control plots at Downey and 
Spanish Fork. Given that temperatures in the winter and spring months at Downey were 
similar to those at Clarkston (Fig. 2-2, A, B), we were surprised to find that the fabric 
decreased seedling emergence relative to the control treatment at Downey. Although we 
can only speculate on this result, it is possible that ambient site conditions such as 
temperature and precipitation, prolonged periods of freezing temperatures (Boyd and 
Lemos, 2013), soil texture (Williams et al., 2017), or the interaction of these and other 
factors may be responsible for decreased seedling emergence observed at Downey. 
At Spanish Fork (the site that warmed up earliest in the spring) (Fig. 2-2, C), 
decreased seedling emergence may have been due to the fabric still covering N-sulate 
plots as air temperatures increased following snowmelt in early March. N-sulate fabric, 
thus, may have increased soil temperatures and dried out the soil faster than developing 
seedling roots could utilize receding moisture, leading to a significant decrease in 
seedling emergence (Hild et al., 2001). Therefore, we suggest removing N-sulate fabric 
earlier in the spring at sites that are characterized by a rapid increase in air temperatures 
following the onset of spring.   
Although fungicide and hydrophobic seed coatings have been shown to increase 
seedling emergence for some agricultural crops (Taylor et al., 2001) and bunchgrasses 
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native to the Intermountain West by reducing seedling blight and root rot from soil fungal 
pathogens (Madsen et al., 2016), their efficacy on native forb restoration in the Great 
Basin remains relatively unexplored. We found that coatings with the fungicide 
FarMore®, or combinations of hydrophobic coatings plus either FarMore® or Obvius® 
fungicide increased emergence by an average of 37 – 112% relative to acid scarified 
seeds (Fig. 2-6). While these results are promising, additional improvements in seedling 
emergence may be possible with further development of seed coating technologies. The 
hydrophobic seed coatings in our study did not perform as expected and may have broken 
down prematurely, allowing seeds to germinate in the fall soon after being planted. Low 
seedling emergence may have thus been due to seeds germinating prior to or during the 
winter (Jones et al., 2016). These seedlings were then exposed to the harsh conditions of 
winter, such as freezing soils, drought, and pathogens. Thus, it is possible that a 
hydrophobic seed coating that could delay seed germination until spring may have a 
higher probability of seedling emergence and subsequent survival as demonstrated by 
Madsen et al. (2016).  
 
Seedling Establishment 
Overall, only snow fences at one site (Spanish Fork) increased seedling 
establishment in our study, while N-sulate fabric and seed coatings had no effect on 
establishment at any site. A restoration experiment in southwestern Wyoming sagebrush-
steppe using the same snow fence employed in our study reported that soil water at the 20 
– 50 cm soil depth was 200% higher inside snow fence plots than control plots in the 
spring (David, 2013). Similarly, a snow fence study in the southern Great Basin found 
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that soil water was significantly higher in snow fence plots at a 25 – 45 cm depth 
compared to control plots in the summer (Loik et al., 2013). Accordingly, we expected 
snow fences to have similar positive effects at our study sites.  
The singular positive effect of snow fences increasing seedling establishment at 
Spanish Fork may have been due to a combination of late winter snowfall and relatively 
high temperatures in the late winter and spring. Snow fence plots at Spanish Fork had 
significantly more snowpack compared to N-sulate and control plots in February, and the 
site also had winter and spring temperatures typically above freezing (Fig. 2-2, C). These 
conditions may have allowed snowpack to continually melt throughout the winter, 
leading to greater soil water recharge inside snow fence plots (Maurer and Bowling, 
2014). Although snow fence plots at Clarkston and Downey also had significantly more 
snowpack compared to control and N-sulate plots in February, temperatures in February 
were not above freezing (Fig. 2-2, A, B), so this same process may have not occurred. 
Ultimately, spring temperatures that increased early in the season at Spanish Fork may 
have led to more evaporation and rapid soil dry-down, making soil water critical for 
establishment. 
Although N-sulate fabric increased seedling emergence at the Clarkston site (Fig. 
2-3, B), any benefit from the fabric did not carryover to seedling establishment at any 
site. Once N-sulate fabric was removed from N-sulate plots in spring 2016, the moist soil 
underneath the fabric may have compacted and sealed as soil particles became 
disaggregated and soil pores were blocked, forming soil crusts. Both sealing and physical 
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crusts impede the infiltration of precipitation into the soil and reduce the amount of water 
available in the root zone (Chamizo et al., 2015).   
Unlike seedling emergence, seed coatings did not result in higher seedling 
establishment compared to uncoated seed. Overall, the lack of effect from seed coatings 
on seedling establishment suggests their efficacy is short-lived and primarily confined to 
seedling emergence. Other studies found that seed coatings can increase seed germination 
and/or seedling emergence, and this carries over into seedling establishment. For 
example, Madsen et al. (2016) found that seed coatings not only increased seed 
germination and seedling emergence, but also increased seedling establishment by 2.2-
fold compared to uncoated seeds. While specific fungicide and fungicide-plus-
hydrophobic seed coatings did increase seedling emergence at our study sites (Fig. 2-6), 
we did not find that this resulted in increased seedling establishment.  
 
Seedling Survival in Year Two 
One year following seed planting of basalt milkvetch, no discernible differences 
were observed among treatments or seed coatings at any sit. Seedling survival was low 
regardless of snow fence, N-sulate, or seed coating treatment. These results suggest that 
any positive effect stemming from our treatments or seed coatings disappeared within the 
first year of planting and that additional management actions are necessary to increase 




Management Implications  
Overall, we did not find a single treatment that enhanced basalt milkvetch 
restoration at our study sites. Although none of our treatments ultimately increased 
restoration success, they did have varying amounts of success depending on each life 
stage and site. We found that specific seed coatings and snow fences can lead to 
increased seedling emergence and seedling establishment, respectively, but other 
management actions beyond these treatments are needed to increase forb survival. 
Likewise, N-sulate fabric increased seedling emergence at Clarkston but was ineffective 
for basalt milkvetch restoration overall, again indicating a need for additional 
management actions that can lead to better restoration outcomes.  
Similar to previous restoration experiments in the Intermountain West (Chambers 
2000; Chambers et al., 2007), we found that basalt milkvetch restoration appears to be 
most limited by seedling emergence. Our results suggest that of the various tools we 
examined, specific seed coatings and N-sulate fabric have the most potential to mitigate 
bottlenecks for seedling emergence.  
Seed coatings that combine FarMore® or Obvius® fungicide with hydrophobic 
coatings may hold promise for increasing seedling emergence of native forbs. Further 
research, however, is needed to improve their efficacy on seedling emergence and other 
life stages. On average, seed coatings in our study increased seedling emergence an 
additional 27% to 112% relative to acid-scarified seeds. These increases in emergence, 
however, did not lead to significant increases in seedling establishment or survival. N-
sulate fabric also has the potential for greater use in native forb restoration given that the 
43 
 
fabric increased seedling emergence at Clarkston. However, given that N-sulate fabric 
had a negative or neutral effect on seedling emergence at Spanish Fork and Downey, 
respectively, additional research is needed to determine which types of site conditions are 
best-suited for N-sulate fabric and when the fabric should be removed to increase 
seedling emergence and establishment.  
Snow fences could also be an important tool for rangeland restoration – but at the 
establishment phase rather than seedling emergence. In our study, snow fences affected 
only one life stage (establishment), and only at one site (Spanish Fork), which is the 
warmest and driest of our study sites. These results at Spanish Fork may have occurred 
because increased snowpack in snow fences may have created soil water conditions 
favorable for seedlings late in the season. Future research is needed that quantifies the 
extent to which snow fences alter soil water availability and identifies site conditions that 
most benefit from snow fences. 
Ultimately, our study provides insights into how managers and restoration 
practitioners might improve native forb restoration in the Great Basin and similar 
semiarid systems. Despite this, even with our treatments, rates of second-year survival 
were extremely low. Additional research is needed concerning the development of 
techniques that increase seedling emergence, establishment, and survival of native forbs. 
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Tables and Figures 
Table 2-1. List of seed coatings used in planted rows and seed germination bags. 
Seed Treatment Seed Treatment Code Justification 
Unscarified Unscarified Control 
Acid scarified AS Breaks physical seed dormancy  
Acid scarified + Polymer coating AS + P Control for seed coatings  
Acid scarified + Obvius® fungicide AS + OF Soil fungal pathogen  
Acid scarified + FarMore® fungicide AS + FF Soil fungal pathogen     
Acid scarified + Captan® fungicide AS + CF Soil fungal pathogen  
Acid scarified + Hydrophobic Rate 1 AS + HR1 Delay germination   
Acid scarified + Hydrophobic Rate 2 AS + HR2 Delay germination             
Acid scarified + Obvius® fungicide + Hydrophobic Rate 1 AS + OF + HR1 Soil fungal pathogen,    
   delay germination 
Acid scarified + Farmore® fungicide + Hydrophobic Rate 1 AS + FF + HR1   Soil fungal pathogen,  
   delay germination 
Acid scarified + Captan® fungicide + Hydrophobic Rate 1 AS + CF + HR1 Soil fungal pathogen, 
   delay germination    
Acid scarified + Obvius® fungicide + Hydrophobic Rate 2 AS + OF + HR2 Soil fungal pathogen  
    delay germination 
Acid scarified + Farmore® fungicide + Hydrophobic Rate 2 AS + FF + HR2 Soil fungal pathogen,  
  delay germination  
Acid scarified + Captan® fungicide + Hydrophobic Rate 2 AS + CF + HR2 Soil fungal pathogen, 
  delay germination 





























Figure 2-1. Map of the Great Basin Region and location of study sites within Idaho and 






Figure 2-2. Mean monthly precipitation (mm) and temperature (°C) for the (A) Downey, 
ID, (B) Clarkston, UT, and (C) Spanish Fork, UT study sites in 2016 (dark grey bars; 
solid line) and 30-year average (light grey bars; dashed line). Data obtained from Utah 







Figure 2-3. Mean snow depth (cm) inside each treatment in January and February 2016 






Figure 2-4. Snow fence and plant protection fabric effects on each life stage of basalt 
milkvetch at: (A) Downey, (B) Clarkston, and (C) Spanish Fork. Post hoc comparisons of 
means within each site were evaluated with Tukey-Kramer LSD. For each site and life 
stage combination, different letters indicate data are significantly different (P < 0.05). 



































Figure 2-5. Seed coating effects on germination in germination bags at: (A) Downey, (B) 
Clarkston, (C) Spanish Fork. Post hoc comparisons of means were evaluated with Tukey-
Kramer LSD. For each site, different letters indicate data are significantly different (P < 
0.05). Error bars represent 95% confidence intervals. Unscarified (Unscarified), Acid 
scarified (AS), Acid scarified + Polymer coating (AS + P), Acid scarified + Obvius® 
fungicide (AS + OF), Acid scarified + FarMore® fungicide (AS + FF), Acid scarified + 
Captan® fungicide (AS + CF), Acid scarified + Hydrophobic Rate 1 (AS + HR1), Acid 
scarified + Hydrophobic Rate 2 (AS + HR2), Acid scarified + Obvius® fungicide + 
Hydrophobic Rate 1 (AS + OF + HR1), Acid scarified + FarMore® fungicide + 
Hydrophobic Rate 1 (AS + FF + HR1), Acid scarified + Captan® fungicide + 
Hydrophobic Rate 1 (AS + CF + HR1), Acid scarified + FarMore® fungicide + 
Hydrophobic Rate 2 (AS + FF + HR2), Acid scarified + Captan® fungicide + 





Figure 2-6. Seed coating effects on seedling emergence across all study sites. Post hoc 
comparisons of means were evaluated with Tukey-Kramer LSD. Different letters indicate 
data are significantly different (P < 0.05). Error bars represent 95% confidence intervals. 
Unscarified (Unscarified), Acid scarified (AS), Acid scarified + Polymer coating (AS + 
P), Acid scarified + Obvius® fungicide (AS + OF), Acid scarified + FarMore® fungicide 
(AS + FF), Acid scarified + Captan® fungicide (AS + CF), Acid scarified + Hydrophobic 
Rate 1 (AS + HR1), Acid scarified + Hydrophobic Rate 2 (AS + HR2), Acid scarified + 
Obvius® fungicide + Hydrophobic Rate 1 (AS + OF + HR1), Acid scarified + FarMore® 
fungicide + Hydrophobic Rate 1 (AS + FF + HR1), Acid scarified + Captan® fungicide + 
Hydrophobic Rate 1 (AS + CF + HR1), Acid scarified + Obvius® fungicide + 
Hydrophobic Rate 2 (AS + OF + HR2), Acid scarified + FarMore® fungicide + 
Hydrophobic Rate 2 (AS + FF + HR2), Acid scarified + Captan® fungicide + 






CAN SNOW FENCING AND PLANT PROTECTION FABRIC INCREASE SOIL 
WATER AND IMPROVE NATIVE FORB RESTORATION  
IN THE GREAT BASIN?  
Abstract 
Native forbs are important components of rangeland plant communities but are 
often underrepresented in rangeland restoration seedings. Previous research has shown 
that limited soil water availability contributes to inconsistent restoration of native forbs. 
Treatments that can increase and retain soil water availability may increase restoration 
outcomes of native forbs. In this study, we evaluated the efficacy of two treatments – 
snow fences and N-sulate fabric – to increase soil water availability for forb restoration in 
the Great Basin. We additionally tested whether hydrophobic, fungicide, and plasticizer 
seed coatings could improve restoration outcomes. We replicated treatments and a no-
treatment control in a randomized complete block design for one year at three sites in the 
Great Basin; two in Utah and one in Idaho. Seeds of basalt milkvetch (Astragalus filipes 
Torr. ex A. Gray), a forb species native to the Great Basin, were seeded in each 
treatment. To quantify the efficacy of our treatments on soil water availability and 
restoration outcomes, we measured soil water availability at two soil depths. We tracked 
the fate of sown seeds over multiple life stages: germination, emergence, establishment, 
and survival. The effects of snow fences and N-sulate fabric varied significantly for each 
life stage and site. Snow fences increased soil water availability at one site, and while this 
did not increase germination or emergence, increased soil water may have reduced 
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seedling mortality at this site late in the growing season. In contrast, increased soil water 
availability in N-sulate fabric plots increased seedling emergence at the Idaho site but had 
a neutral or negative effect on soil water and reduced survival for multiple life stages at 
both Utah sites. At all sites, seed coatings increased seedling emergence and 
establishment but had minor effects on survival. Our study indicated that seed coatings 
have the potential to improve forb restoration given that seed coatings enhanced seedling 
emergence and establishment at all sites. While snow fences and N-sulate fabric affected 
soil water availability for certain sites and life stages, links between increased water 
availability and improved restoration outcomes were mixed, and may alternatively be 
explained by potential temperature differences, warranting further investigation. Such 
insights into the abiotic factors contributing to restoration outcomes are critical for 




Native forbs are an important constituent of rangeland plant communities but are 
often not a focus when restoring rangelands in the U.S. Intermountain West (Shaw et al., 
2005; Sheley and Half, 2006). While native forbs can provide critical ecosystem 
functions such as nitrogen fixation (Bhattarai et al., 2008) and habitat for pollinators and 
wildlife (Kildisheva et al., 2011), they continue to remain underutilized in rangeland 
restoration due to limited commercial availability, high seed costs, and low establishment 
(Chambers, 2000; Bushman et al., 2015). Numerous restoration treatments have been 
examined for increasing survival at multiple life stages: seed germination (Forbis, 2010), 
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seedling emergence (Sheley and Half, 2006), seedling establishment (Huber-Sannwald 
and Pyke, 2005), and seedling survival (Goergen and Chambers, 2012). Fewer studies, 
however, have examined how restoration treatments directly influence soil water (but see, 
David, 2013) and how soil water impacts life stages of native forbs.  
Within the Great Basin Region of the U.S., consistent and successful restoration 
of native forbs is often limited by highly variable precipitation and soil water availability 
(Hardegree et al. 2017). Both precipitation and soil water availability vary sharply within 
and among years (Hardegree et al., 2016). This variability leads to relatively short periods 
of adequate soil water availability that supports seed germination and seedling emergence 
(Chambers et al., 2007). Additionally, much of the annual precipitation in the Great Basin 
occurs during the late fall or winter in the form of snow (Bailey, 1995), leading to a 
deficit in soil water availability for seedling establishment and survival during the 
summer months (Booth et al., 2003).  
Therefore, restoration treatments that can harvest winter-time snow and provide 
enhanced available soil water in the spring and summer months may increase restoration 
success of native forbs (David, 2013). While some studies in the Great Basin have 
examined the effects of increased soil water availability on different life stages of native 
grasses and shrubs (Minnick and Alward, 2012; Gornish et al., 2015), fewer studies have 
tested how increasing soil water availability affects different life stages of native forbs 
(but see, Wirth and Pyke, 2003; Goergen and Chambers, 2012).  
Due to the importance of abiotic conditions in restoring native forbs, restoration 
often focuses on manipulating these conditions to increase restoration success. In 
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semiarid ecosystems, the use of snow fences is increasingly being explored as a 
restoration tool (David, 2013). Depending on the depth and duration of snow pack 
(David, 2013) and timing of snow melt (Loik et al., 2013), snow fences have been shown 
to significantly increase soil water availability (Blumenthal et al., 2008; David, 2013) and 
positively affect multiple life stages of native grasses and shrubs in semiarid ecosystems. 
The effects of snow fences on native forb restoration in the Great Basin, however, 
remains unexplored (but see, David, 2013). A second method for altering soil water is the 
use of plant protection fabric, which increases soil water availability by reducing 
evaporation (Geyer, 2001). While plant protection fabric has been used to increase soil 
water availability for seed germination and seedling emergence in temperate ecosystems 
(Harris et al., 2015), it has not been examined as a restoration method in dryland 
restoration (but see, Schmal et al., 2007). 
A third restoration method for altering forb-soil water interactions focuses on 
manipulating seeds rather than altering soil water availability. Seed coating, a common 
method in the seed and agricultural industry (Halmer, 2008), but less frequently used in 
restoration (but see, Madsen et al., 2016), coats the external surface of seeds with various 
materials such as hydrophobic materials or fungicides. These coatings are used to prevent 
water imbibition by seeds until the spring in order to capture pulses of spring 
precipitation and protect against soil fungal pathogens (Madsen et al., 2016).  
To examine how these restoration treatments can enhance native forb restoration 
by altering soil water availability or a seed’s interactions with soil water, we conducted a 
field experiment at three sites in the Great Basin that spanned a latitudinal gradient. We 
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used basalt milkvetch (Astragalus filipes Torr. ex A. Gray) as our focal species due to its 
wide habitat distribution, high seed production, and adaptation to sites that receive 200 to 
600 mm annual precipitation (Bhattarai et al., 2008; Bushman et al., 2015). At each site, 
we quantified the effect of snow fences and plant protection fabric on soil water 
availability, as well as their effects on multiple life stages of basalt milkvetch, including 
germination, seedling emergence, establishment, and survival. We also examined how 
seed coatings, including hydrophobic, fungicide, and plasticizer coatings, affected life 
stages and overall restoration success. We were thus able to determine how restoration 
treatments altered soil water and impacted each life stage, which treatments and seed 
coatings were most beneficial for each life stage, and whether treatments and seed 




Our three study sites were located in former agricultural fields in the eastern Great 
Basin in Utah and Idaho, and spanned a latitudinal gradient to encompass different 
precipitation and temperature regimes (Figs. 3-1, 3-2). Utah sites consisted of Clarkston 
(41°53'47.0"N, 112°02'44.8"W, 1307 m) and Spanish Fork (40°03'59.4"N, 
111°37'44.3"W, 1438 m), and the Idaho site consisted of Downey (42°27'50.9"N, 
112°4'36.57"W, 1482 m). The climate of the three sites is representative of the Great 
Basin Region (semiarid and continental) (Bailey, 1995). Most precipitation occurs from 
the fall through early spring as snow or snow mixed with rain (Bailey, 1995). Mean 
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monthly precipitation was higher throughout the winter (January, February) and spring 
(April) at all sites compared to the 30-year average (Fig. 3-2, A-C), and May and June 
were drier than average at the two Utah Sites (Fig. 3-2, B and C). Temperatures across 
sites were similar to the 30-year average, although early winter (January), spring 
(March), and early summer (June, July) temperatures across all sites were cooler than 
average (Fig. 3-2, A-C).  
All sites were historically sagebrush-steppe plant communities primarily 
dominated by big sagebrush (Artemisia tridentata Nutt.), bluebunch wheatgrass 
(Pseudoroegneria spicata (Pursh) Á. Löve), and Idaho fescue (Festuca idahoensis Elmer) 
with other minor shrubs, grasses, and forbs (Soil Survey Staff, 2017). The study sites are 
now dominated by a mixture of annual exotic grasses and forbs. Soil types range from 
fine-silt at Clarkston (Mendon silt loam), fine-loam at Spanish Fork (Timpanogos fine 
loam), and coarse-silt at Downey (Rexburg silt loam) (Soil Survey Staff, 2017). 
 
Experimental Design 
In November 2016, we seeded basalt milkvetch inside our three restoration 
treatments (snow fence, N-sulate fabric, and control) in 3.6 m x 19.5 m plots (Appendix 
1). Plots were arranged in four blocks in a randomized complete block design at each site. 
Seeds were coated with seven different seed coating treatments prior to seeding (Table 3-
1). Within each plot, seeds were sown into individual 1.2 m long rows using a tractor-
mounted cone seeder (Hege Company, Waldenburg, Germany). All seeds were sown to a 
depth of 1 - 2 cm. The seeding rate was 139 PLS (pure live seed) per seed row and seed 
viability for acid scarified seeds was 82%. Seed viability was determined from standard 
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seed viability tests using tetrazolium chloride performed by the Utah State Seed 
Laboratory (Salt Lake City, UT, USA). Seeds were obtained from the U.S. Department of 
Agriculture, Agricultural Research Service, Forage and Range Research Laboratory in 
Logan, UT, USA.  
To quantify germination, we installed nylon mesh bags buried at a soil depth of 1 
- 2 cm while seeding plots. Germination bags contained 25 seeds, each bag with a 
different seed coating treatment (Table 3-1). We mixed seeds with finely sieved soil from 
individual field sites to maintain contact with bulk soil, and buried the bags inside each 
treatment adjacent to the planted rows. This method allowed for total seed recovery 
(Abbott and Roundy, 2003).   
After seeding, we installed patented snow fences (0.6 m tall x 29 m long) (David 
Scientific, Pinedale, WY, USA) with one fence installed 0.6 m upwind of the plot, one 
fence 1.8 m downwind of the plot, and 5.4 m separating fence pairs. Fences were oriented 
perpendicular to the prevailing winter wind at each site. We also installed N-sulate Plant 
Protection Fabric (Dewitt, Sikeston, MO, USA) with a tractor and covered the edges of 
the fabric with soil. To avoid any effect from shading or wind disruption during the 




Snow Depth and Soil Water: We measured snow depth at 1 m intervals along 30 
m transects placed perpendicular to each plot in January and February 2017 to determine 
if snow fences altered snow depth. Transects extended from 10 m upwind to 20 m 
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downwind of each plot and were placed on the edges of each plot so as to not disturb the 
planted rows. Snow depth was measured once at each site during January 20 – 27, 2017 
and February 17 – 28, 2017. We measured soil water at two soil depths during seedling 
emergence, establishment, and survival sampling dates (see below) using a handheld GS3 
soil moisture sensor attached to a ProCheck System (Decagon Devices, Pullman, WA, 
USA) to determine if snow fences and N-sulate fabric altered soil water availability. We  
took ten measurements inside each plot at two soil depth ranges, 0 - 5 cm and 15 - 20 cm.  
 
Seed Germination: We retrieved all germination bags in March 2017. Following 
retrieval, we separated soil from seed by washing through a 0.25 mm mesh sieve, and all 
seeds were visually assessed for germination. Seeds that displayed a radicle at the time of 
retrieval were considered germinated. 
Seedling Emergence, Seedling Establishment, and Seedling Survival: After snow 
had completely melted in mid-March 2017, we monitored seedling emergence by 
counting the number of emerged seedlings in each planted row. We defined seedling 
emergence as a seed producing a coleoptile above the soil surface (Fenner and 
Thompson, 2005). We monitored seedling establishment, defined as an emerged seedling 
producing leaves and becoming independent of seed reserves (Fenner and Thompson, 
2005), by counting the number of established seedlings in each seed row. We monitored 
seedling survival, defined as a seedling surviving to the end of the growing season, by 
counting the number of seedlings that were alive inside each seed row in July. We used 
the number of Growing Degree Days (GDDs) at each site to determine the sampling dates 
for seedling emergence, establishment, and survival (Romo and Eddleman, 1995). This 
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offset environmental differences among the three sites (Fig. 3-2, A-C). We monitored 
seedling emergence from 100 – 350 GDDs, establishment from 500 – 550 GDDs, and 
survival from 1000 – 1050 GDDs.  
 
Data Analysis  
All analyses were conducted using R software 3.4.0 (R Core Team, 2017). Snow 
depth data were analyzed with a linear mixed effect model with a Gaussian error 
distribution using the {nlme} package (Pinheiro et al., 2017). For snow depth models, site 
and treatment were treated as fixed effects while block was treated as a random effect. 
January and February data were analyzed separately. Model selection was completed by 
comparing models that included all factors and interactions and then removing 
insignificant factors or interactions (i.e., P > 0.05) in subsequent models based on Akaike 
Information Criterion (AIC) values (Bolker et al., 2009). 
Soil water data were analyzed with a linear mixed effects model with a Gaussian 
error distribution with the {nlme} package. For soil water models, the effects of 
treatment, life stage, and measurement depth were treated as fixed effects while block 
was treated as a random effect. Each site was analyzed separately. Model selection was 
completed as described above with snow depth model selection. 
Seedling emergence, establishment, and survival were analyzed separately with 
Generalized Linear Mixed Models (GLMMs). GLMMs were fit with a binomial error 
distribution (Bolker et al., 2009) with the {lme4} package (Bates et al., 2014). Seedling 
emergence was calculated as the maximum number of seedlings counted inside seed rows 
at 100 – 350 GDDs divided by the number of seeds planted (i.e., 139). Establishment was 
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calculated as the number of seedlings counted inside seed rows at 500 – 550 GDDs 
divided by the number of seeds planted. Survival was calculated as the number of 
seedlings counted inside seed rows at 1000 – 1050 GDDs divided by the number of seeds 
planted. For each GLMM, site, treatment, and seed coating were treated as fixed effects 
while block was treated as a random effect. Because our data was overdispersed (i.e., 
higher variance than expected for binomial data) an observation-level random effect was 
also included in each model (Elston et al., 2001). Model selection was completed by 
comparing models that included all factors and interactions and then removing 
insignificant factors or interactions (P > 0.05) in subsequent models based on AIC values 
(Bolker et al., 2009).  
For all analyses, differences in treatments were evaluated with Tukey-Kramer 
LSD post hoc tests with means adjusted for multiple comparisons using the {lsmeans} 




For both January and February 2017, there was a significant site by treatment 
interaction. In January, snow fence plots had greater snow depth than control and N-
sulate plots at Clarkston (p < 0.0001 and p < 0.0001, respectively) and Downey (p = 0.02 
and p = 0.01, respectively), but not at Spanish Fork. In February, snow was deepest in 
snow fence plots at Clarkston (p < 0.0001) and Spanish Fork (p < 0.0001), but not at 
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Downey (p > 0.05). Snowmelt began in early March, after which accumulations of snow 
were negligible at the three sites.   
 
Soil Water 
Downey – Soil water at Downey was affected by a significant treatment by life 
stage by measurement depth interaction (Fig. 3-3, A and D). At soil depths between 0 - 5 
cm, soil water was similar among all treatments (p > 0.05) for all life stages (Fig. 3-3, A). 
At soil depths between 15 - 20 cm, soil water was similar among all treatments during 
seedling emergence (p > 0.05). For seedling establishment, soil water at 15 - 20 cm was 
highest inside N-sulate plots relative to snow fence (p = 0.0001) and control plots (p < 
0.0001). Similarly, soil water inside N-sulate plots was highest among all treatments (p < 
0.05) during seedling survival (Fig. 3-3, D). For all life stages, soil water between 15 - 20 
cm was similar between snow fence and control plots (p > 0.05).  
Clarkston – At Clarkston, there was a significant three-way treatment by life stage 
by measurement depth interaction (Fig. 3-3, B and E). At soil depths between 0 - 5 cm, 
soil water was similar (p > 0.05) among all treatments for all life stages (Fig. 3-3, B). At 
soil depths between 15 - 20 cm, snow fence plots had more soil water than N-sulate plots 
(p = 0.03) and control plots (p < 0.001) during seedling emergence. For seedling 
establishment, soil water was lowest inside control plots and similar between snow fence 
and N-sulate plots (p = 0.18). During seedling survival, snow fence plots had the highest 
soil water compared to N-sulate (p = 0.0007) and control plots (p = 0.02).  
Spanish Fork – For Spanish Fork, soil water was influenced by a significant 
treatment by life stage by measurement depth interaction (Fig. 3-3, C and F). At soil 
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depths between 0 - 5 cm, soil water was similar (p > 0.05) among all treatments during all 
life stages (Fig 3-3, C). At soil depths between 15 - 20 cm, soil water was similar (p > 
0.05) among all treatments during seedling emergence (Fig. 3-3, C). During seedling 
establishment, soil water was lowest inside N-sulate plots relative to control plots (p = 
0.0008) but similar to snow fence plots (p = 0.07). For seedling survival, soil water was 
lowest inside N-sulate plots compared to snow fence (p = 0.04) and control plots (p = 
0.001), while soil water was similar between snow fence and control plots (p = 0.16). 
 
Germination  
Across all sites, we did not find that snow fences or N-sulate fabric increased 
germination (Fig. 3-4, A-C). Germination rates in N-sulate plots were significantly lower 
than control plots (p = 0.04) but similar to snow fence plots (p = 0.26). In addition, 
germination rates in control and snow fence plots were similar (p = 0.68). 
Germination rates were also influenced by a site by seed treatment interaction 
(Fig. 3-5, A-C). Acid scarification increased germination at Downey (p = 0.0002) but not 
at Clarkston (p = 0.6) or Spanish Fork (p = 0.7). A fungicide-only seed coating increased 
germination at Clarkston (p < 0.0001) and Spanish Fork (p = 0.0001) but not at Downey 
(p = 0.8). No additional seed coating further increased germination compared to a 
fungicide-only coating at any site (p > 0.05) including hydrophobic-only coatings, 
combining hydrophobic and plasticizer coatings, combining fungicide and hydrophobic 





Seedling emergence differed among treatments at each site (Fig. 3-4, A-C). The 
N-sulate treatment increased seedling emergence compared to the control and snow fence 
plots at Downey (p = 0.02). Neither the snow fence nor N-sulate treatments increased 
seedling emergence compared to the control treatment at Clarkston or Spanish Fork (Fig 
3-4, B and C). At Clarkston, seedling emergence was lowest in snow fence plots (p = 
0.0003) and in N-sulate plots at Spanish Fork (p < 0.0001).  
For the seed coating treatments, unscarified and acid scarified seeds had the 
lowest seedling emergence rates at all sites (p < 0.0001) (Fig 3-6). All seed coatings 
increased seedling emergence compared to unscarified and acid scarified seeds. The 
hydrophobic-only coating had the lowest seedling emergence compared to combinations 
of fungicide and hydrophobic coatings (p = 0.02) or fungicide, hydrophobic, and 
plasticizer coatings (p = 0.02). Otherwise, no significant differences in seedling 
emergence were observed among the seed coatings (p > 0.05).  
 
Seedling Establishment 
For seedling establishment, a significant site by treatment interaction was 
observed (p < 0.05) (Fig 3-4, A-C). Establishment was highest in the N-sulate treatment 
compared to the control and snow fence treatments at Downey. At Clarkston, neither 
snow fences nor N-sulate fabric increased establishment relative to control plots (p > 
0.05). At Spanish Fork, establishment was lowest in N-sulate plots compared to the 
control (p < 0.0001) and snow fence plots (p < 0.0001).  
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Similar to the seedling emergence results, unscarified and acid scarified seeds had 
the lowest seedling establishment compared to coated seeds (Fig. 3-7). All seed coatings 
increased establishment relative to unscarified and acid scarified seeds (p < 0.05), but 
there were no differences in seedling establishment among the various seed coating 
treatments (p > 0.05).  
 
Seedling Survival  
A significant site by treatment interaction was observed for survival of basalt 
milkvetch (Fig 3-4, A-C). At Downey, seedling survival was highest in the control and 
N-sulate plots (Fig. 3-4, A); however, these were not significantly different from each 
other (p = 0.059). At Clarkston and Spanish Fork, survival was greater in control and 
snow fence plots than the N-sulate plots (Fig 3-4, B and C). 
Seedling survival was also influenced by a significant site by seed treatment 
interaction (Fig 3-8, A-C). At Downey, only the combination of fungicide, hydrophobic, 
and plasticizer coatings significantly increased survival compared to the unscarified (p = 
0.0016) and acid scarified seeds (p = 0.03). At Clarkston, seed coatings did not increase 
seedling survival compared to the unscarified seeds (p > 0.05). At Spanish Fork, the 
combination of fungicide, hydrophobic, and plasticizer coatings significantly increased 
seedling survival relative to unscarified seeds (p = 0.02) but was not significantly 






 Highly variable soil water availability contributes to inconsistent and sporadic 
native forb restoration in the Great Basin (Hardegree et al., 2016). Restoration treatments 
such as snow fences (David, 2013) and N-sulate fabric (Schmal et al., 2007) have been 
shown to increase and retain soil water availability and this may potentially increase life 
stage outcomes. Our results showed that snow fences and N-sulate fabric can both 
increase and decrease soil water availability but we did not find that increased soil water 
availability consistently increased life stage survival.   
For example, while snow fences increased soil water availability at deeper soil 
depths at Clarkston across the entire growing season (Fig. 3-3, E), this increased soil 
water availability only appeared to have a slight effect on seedlings by reducing mortality 
late in the season. Similarly, soil water availability increased at deeper soil depths in N-
sulate plots at Downey following seedling emergence, but these elevated levels of soil 
water do not appear to favor seedling survival when compared to other treatments. These 
results suggest that abiotic resources other than soil water may also be determining life 
stage outcomes of basalt milkvetch. Another important finding was that seed coatings are 
an effective treatment for increasing seed germination, seedling emergence, and 
establishment of basalt milkvetch but very few differences were observed among seed 
coating treatments during these life stages. This suggests that coating a seed is of more 




To our surprise, neither snow fences nor N-sulate fabric increased basalt 
milkvetch germination. We expected that snow fences and N-sulate fabric would increase 
germination due to increased soil water availability from either deep snowpack in snow 
fence plots or reduced evaporation underneath N-sulate fabric (Schmal et al., 2007; 
David, 2013). Instead, basalt milkvetch germination was highest with either acid 
scarification at Downey or seed coatings at Clarkston and Spanish Fork. Based on our 
results and those of previous studies, increasing soil water availability may be less 
effective than either acid scarification (Wirth and Pyke, 2003; Bushman et al., 2015) or 
using hydrophobic and fungicide seed coatings to alter how seeds interact with soil water 
availability and soil pathogens (Madsen et al., 2016).   
Snow fences, which generally produced some of the deepest snowpack at all sites 
in January or February, had a negative effect on seedling emergence at Clarkston and no 
effect on emergence at Downey or Spanish Fork. This was a striking result at Clarkston 
because snow fences not only had the deepest snowpack throughout the winter, but also 
had the highest soil water availability during seedling emergence. Other studies in the 
Great Basin found that increasing snowpack with snow fences (David 2013; Loik et al., 
2013), or manually (Gornish et al., 2015), creates a legacy effect of increased soil water 
availability that increases seedling emergence of grasses and shrubs.  
Increasing snowpack can also produce conditions that favor the development of 
pathogenic snow molds that negatively impact seedling emergence (Sturges, 1989; 
Compagnoni and Adler, 2014). Conditions under snow can be conducive to fungal 
growth with low temperatures, limited light, and high soil water availability (Sturges, 
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1989). Based on the deep snowpack and increased soil water availability at Clarkston, 
snow molds may have reduced seedling emergence in the snow fence plots.  
The effects of N-sulate fabric on seedling emergence were also site-specific, with 
N-sulate fabric increasing emergence at Downey, having no effect at Clarkston, and 
decreasing emergence at Spanish Fork. Field and greenhouse studies have reported that 
N-sulate fabric and similar plant protection fabrics boost seedling emergence by 
increasing soil water availability due to reduced evaporation underneath the fabric (Tilley 
et al., 2009). Furthermore, previous greenhouse and field studies with N-sulate fabric 
found that the fabric increased soil temperature an additional 4 to 5 °C higher than 
uncovered soils and protects seedlings from frost damage (Schmal et al., 2007; Harris et 
al., 2015). In the Great Basin, warmer soil temperatures in the winter and spring have 
been shown to favor seedling emergence (Boyd and Lemos, 2013). Overall, soil water at 
Downey was similar among all treatments at soil depths between 0 - 5 cm and 15 - 20 cm 
during seedling emergence (Fig. 3-3, A and D), suggesting that N-sulate fabric may have 
altered soil temperature to a greater extent than soil water, which may have contributed to 
increased seedling emergence.  
Compared to Clarkston and Spanish Fork, Downey was colder throughout the 
winter and spring months and received less snow overall (Fig 3-2, A-C). As such, N-
sulate fabric may have increased soil temperatures enough to increase emergence rates of 
basalt milkvetch. Additionally, without the insulative qualities of deep snowpack 
(Edwards et al., 2007), soils at Downey were likely colder compared to Clarkston and 
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Spanish Fork. As a result, N-sulate fabric may have protected seedlings from frost 
damage (Mondoni et al., 2012).  
In contrast, N-sulate fabric decreased seedling emergence at Spanish Fork. 
Similar to results from Downey, soil water availability at Spanish Fork was similar 
among all treatments at soil depths between 0 - 5 cm and 15 - 20 cm (Fig 3-3, C and F), 
indicating that temperature, rather than soil water, may be responsible for low seedling 
emergence inside N-sulate plots. Of our three sites, Spanish Fork had the warmest winter 
and spring months (Fig. 3-2, C). Once temperatures increased with the onset of spring, N-
sulate fabric may have warmed soil temperatures beyond what seedlings could tolerate, 
leading to seedling mortality from heat stress (Davies et al., 2007). 
Overall, a key finding in our study was that seed coatings generally increased 
seedling emergence. Consistent with previous studies of basalt milkvetch (Bushman et 
al., 2015), we did not find that acid scarification increased seedling emergence. This may 
have been due to acid scarification reducing seed viability (Bushman et al., 2015) and 
thus reducing seedling emergence. Alternatively, scarified seeds may have germinated 
soon after being planted in the fall and succumbed to harsh winter conditions or 
pathogens (Jones et al., 2016). While all seed coatings increased seedling emergence 
relative to unscarified and acid scarified seeds, seedling emergence was generally similar 
among the seed coatings.  
Based on our study, just coating a seed may be of greater importance than the 
materials that comprise the coating. Our results indicate that seed coatings with either 
fungicides, hydrophobic materials, or plasticizers, are a promising tool for increasing 
78 
 
seedling emergence, a life stage that is typically most limiting to plant establishment in 
the Great Basin (James et al., 2012). In addition, seed coatings used in this study may 
also favor emergence of other native forb species, warranting further research to assess 
their efficacy with additional species. 
In general, the site-specific treatment effects we observed during seedling 
emergence persisted into seedling establishment, suggesting that any treatment effect 
from seedling emergence changes little in subsequent life stages, regardless of an 
increase in deep soil water availability. This finding is similar to other restoration studies 
in the Great Basin that have found seedlings have a relatively high likelihood of survival 
once they emerge (Huber-Sannwald and Pyke, 2005; James et al., 2012).  
For example, seedling establishment in snow fence plots at Clarkston remained 
lower than that in control plots, despite significantly higher soil water availability at soil 
depths between 15 - 20 cm. In addition, seedling mortality in N-sulate plots at Clarkston 
was higher compared to control plots, even though this treatment also had higher soil 
water availability at soil depths between 15 - 20 cm. Thus, rates of seedling establishment 
may include a residual effect from emergence.   
We also found few differences in the efficacy of seed coatings from seedling 
emergence to seedling establishment. While all seed coatings increased establishment 
compared to unscarified and acid scarified seeds (Fig. 3-7), we did not find any 
significant differences among the seed coatings. Thus, as with snow fence and N-sulate 
fabric treatments, the benefits of seed coatings generated during emergence were 
maintained during seedling establishment. 
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Despite increased soil water availability at soil depths between 15 - 20 cm inside 
snow fence plots at Clarkston and N-sulate plots at Downey, neither treatment increased 
seedling survival compared to control plots at any site. Instead, available soil water at 
deeper soil depths late in the season appears to have reduced seedling mortality that 
typically occurs due to seasonal summer drought in the Great Basin. Soil water recharge 
may have been greater in snow fence plots at Clarkston due to increased snowpack 
(Donovan and Ehleringer, 1994), and this soil water may have helped reduce seedling 
mortality from seasonal drought (Svejcar et al., 2014). At Downey, soils under N-sulate 
fabric also may have had greater soil water recharge from reduced evaporation, which 
may have contributed to reduced seedling mortality in N-sulate plots.  
Overall, our results suggest that while snow fences and N-sulate fabric may 
increase soil water availability through the growing season, the most critical life stage for 
restoration in the Great Basin (Chambers, 2000; James et al., 2011) - seedling emergence 
- does not seem to be impacted by increased soil water availability. Rather, seed coatings 
and soil temperature, which was not directly measured in this study, may be more 
important and lead to significant increases or decreases in emergence, as indicated in N-
sulate plots at Downey and Spanish Fork. Soil water availability also did not appear to 
affect seedling establishment, because the number of seedlings at emergence generally 
persisted through establishment, despite differences in soil water availability at 15 – 20 
cm. It was only later in the growing season, likely after temperatures increased leading to 
potential drought stress on seedlings (Donovan and Ehleringer, 1994), that soil water 
appeared to impact forb survival by reducing seedling mortality.  
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The variation we observed in the ability of snow fences and N-sulate fabric to 
increase or decrease soil water availability additionally suggests that site conditions such 
as snowpack, spring precipitation, and spring and summer temperatures all determine 
which treatment may improve native forb restoration.  
 
Conclusions 
 Of our restoration treatments, N-sulate fabric and seed coatings showed the most 
potential for improving basalt milkvetch restoration in the Great Basin given their 
positive effect on multiple life stages. Future research that quantifies the extent to which 
N-sulate fabric affects winter and spring soil temperatures is needed to understand the 
climate and site conditions in the Great Basin that are best-suited for the use of this 
treatment. While we found few differences among seed coating materials, our results 
indicate that basalt milkvetch restoration benefits from seed coatings that consist of 
hydrophobic, fungicide, or plasticizer coatings, with positive effects found at each life 
stage. Additional research is needed to evaluate the efficacy of these seed coatings with 
other native forb species in the Great Basin. Ultimately, insights from our study and 
future studies are critical for developing new treatments and protocols that improve 
restoration outcomes for native forbs in the Great Basin and similar semiarid systems.  
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Tables and Figures  
 
 
Table 3-1. List of seed coatings used in planted rows and seed germination bags. 
 
Seed Treatment Seed Treatment Code Justification 
Unscarified Unscarified Control 
Acid scarified AS Breaks physical seed  
   dormancy 
Acid scarified + Farmore® fungicide AS + F Soil fungal pathogen  
Acid scarified + Hydrophobic coating AS + H Delay germination  
Acid scarified + Hydrophobic coating + Plasticizer coating AS + H + P Delay germination, delay       
   breakdown of coating    
Acid scarified + Farmore® fungicide + Hydrophobic coating AS + F + H Soil fungal pathogen,  
    delay germination 
Acid scarified + Farmore® fungicide + Hydrophobic coating + AS + F + H + P Soil fungal pathogen, Plasticizer 
coating  delay germination, delay    






































Figure 3-1. Map of the Great Basin Region and location of study sites within Idaho and 









Figure 3-2. Mean monthly precipitation (mm) and temperature (°C) for the (A) Downey, 
ID, (B) Clarkston, UT, and (C) Spanish Fork, UT study sites in 2017 (dark grey bars; 
solid line) and 30-year average (light grey bars; dashed line). Data obtained from Utah 







Figure 3-3. Volumetric water content (soil water availability) during each life stage for 
each treatment (Control, dark grey bar; Snow Fence, medium grey bar; N-sulate, light 
grey bar) at 0 - 5 cm soil depth at (A) Downey, (B) Clarkston, (C) Spanish Fork and 15 - 
20 cm soil depth at (D) Downey, (E) Clarkston, and (F) Spanish Fork. Post hoc 
comparisons of means within each site were evaluated with Tukey-Kramer LSD. For 
each measurement depth, site, and life stage combination, different letters indicate data 






Figure 3-4. Effects of control (dark grey bars), snow fence (medium grey bars), and N-
sulate (light grey bars) on each life stage of basalt milkvetch at: (A) Downey, (B) 
Clarkston, and (C) Spanish Fork. Post hoc comparisons of means within each site were 
evaluated with Tukey-Kramer LSD. For each site and life stage combination, different 


































Figure 3-5. Effects of seed coatings on basalt milkvetch germination at each site in 2017. 
Post hoc comparisons of means within each site were evaluated with Tukey-Kramer 
LSD. For each plot, different letters indicate data is significantly different (P < 0.05). 
Error bars represent 95% confidence intervals. Unscarified (Unscarified), Acid scarified 
(Acid scarified), Acid scarified + Farmore® fungicide (AS + F), Acid scarified + 
Hydrophobic coating (AS + H), Acid scarified + Hydrophobic coating + Plasticizer 
coating (AS + H + P), Acid scarified + Farmore® fungicide + Hydrophobic coating (AS 
+ F + H), Acid scarified + Farmore® fungicide + Hydrophobic coating + Plasticizer (AS 




























Figure 3-6. Seed coating effects on basalt milkvetch seedling emergence in 2017. Post 
hoc comparisons of means were evaluated with Tukey-Kramer LSD. A different letter 
indicates data is significantly different (P < 0.05). Error bars represent 95% confidence 
intervals. Unscarified (Unscarified), Acid scarified (Acid scarified), Acid scarified + 
Farmore® fungicide (AS + F), Acid scarified + Hydrophobic coating (AS + H), Acid 
scarified + Hydrophobic coating + Plasticizer coating (AS + H + P), Acid scarified + 
Farmore® fungicide + Hydrophobic coating (AS + F + H), Acid scarified + Farmore® 




























Figure 3-7. Effects of seed coatings on basalt milkvetch seedling establishment in 2017. 
Post hoc comparisons of means were evaluated with Tukey-Kramer LSD. A different 
letter indicates data is significantly different (P < 0.05). Error bars represent 95% 
confidence intervals. Unscarified (Unscarified), Acid scarified (Acid scarified), Acid 
scarified + Farmore® fungicide (AS + F), Acid scarified + Hydrophobic coating (AS + 
H), Acid scarified + Hydrophobic coating + Plasticizer coating (AS + H + P), Acid 
scarified + Farmore® fungicide + Hydrophobic coating (AS + F + H), Acid scarified + 



































Figure 3-8. Seed coating effects on basalt milkvetch survival in 2017 at (A) Downey, (B) 
Clarkston, and (C) Spanish Fork. Post hoc comparisons of means within each site were 
evaluated with Tukey-Kramer LSD. For each plot, different letters indicate data is 
significantly different (P < 0.05). Error bars represent 95% confidence intervals. 
Unscarified (Unscarified), Acid scarified (Acid scarified), Acid scarified + Farmore® 
fungicide (AS + F), Acid scarified + Hydrophobic coating (AS + H), Acid scarified + 
Hydrophobic coating + Plasticizer coating (AS + H + P), Acid scarified + Farmore® 
fungicide + Hydrophobic coating (AS + F + H), Acid scarified + Farmore® fungicide + 








 Incorporating native forbs into restoration seedings in the Great Basin is 
necessary for sustaining ecosystem functions and services (Shaw et al., 2005; Walker and 
Shaw, 2005; Bhattarai et al., 2008). Native forbs provide resistance towards invasion 
from non-native species, soil stabilization, nitrogen fixation, habitat for wildlife, and 
serve as food sources for native pollinators and wildlife, especially Greater sage grouse 
(Wirth and Pyke, 2003; Bushman et al., 2010; Kildisheva et al., 2011; Hess and Beck, 
2014; Leger et al., 2014; Eldredge et al., 2016). Despite the growing success of native 
grass and shrub restoration in the Great Basin, restoration of native forbs remains largely 
unsuccessful (Rawlins et al., 2009).  
Highly variable precipitation, limited soil water availability, and presence of soil 
fungal pathogens are routinely cited as the barriers towards successful forb restoration 
(Crist and Friese, 1993; Goergen and Chambers, 2012; David, 2013; Mitchell et al., 
2017). Furthermore, while multiple studies have documented the life stages that limit 
grass and shrub restoration in the Great Basin (Fansler and Mangold, 2011; James et al., 
2011; Gornish et al., 2015; Minnick and Alward, 2012), fewer studies have identified the 
life stages that limit native forb restoration. My research provides new insights into how 
abiotic and biotic barriers that contribute to unsuccessful restoration can be mitigated 
with snow fences, N-sulate fabric, and seed coatings. In addition, my research identifies 
multiple bottlenecks that must be overcome in order to increase restoration success. 
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 In Chapter 2, we evaluated the efficacy of snow fences, N-sulate fabric, and seed 
coatings on native forb restoration using two focal species – basalt milkvetch (Astragalus 
filipes Torr. ex A. Gray) and western prairie clover (Dalea ornata Douglas ex Hook), at 
three sites in the eastern Great Basin. Western prairie clover germinated and emerged at 
near-zero levels and was thus excluded from all statistical analyses. Other studies using 
western prairie clover found that western prairie clover seeds germinate quickly after 
being planted (Bushman et al., 2015; Jones et al., 2016). Because we planted our seeds 
late in the fall, western prairie clover may have germinated soon after planting and 
germinated seeds were unable to survive harsh winter conditions (Jones et al., 2016). 
With basalt milkvetch, we found that germination was not increased with either snow 
fences or N-sulate fabric, but with acid scarification and seed coatings. Seedling 
emergence proved to be the strongest bottleneck towards successful restoration, with 4 to 
14% of sown seeds emerging as seedlings. While N-sulate fabric and snow fences 
increased seedling emergence and establishment, respectively, this was limited to 
individual sites and did not increase second-year survival. Seed coatings increased 
seedling emergence at all sites, but proved to be ineffective for establishment and second-
year survival. Ultimately, the efficacy of our restoration treatments was confined to the 
first year of restoration and had no effect on second-year forb survival. 
 In Chapter 3, we repeated the experiment from Chapter 2 with basalt milkvetch 
and additionally quantified the extent in which snow fences and N-sulate fabric altered 
soil water availability at two ranges of soil depth, 0 - 5 cm and 15 - 20 cm. In doing so, 
we hoped to understand how differences in soil water availability may explain the effects 
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of snow fences, N-sulate fabric, and seed coatings on four life stages of basalt milkvetch. 
We found that neither snow fences nor N-sulate fabric increased soil water availability 
relative to the control at soil depths between 0 - 5 cm. Instead, our treatments increased 
soil water availability at soil depths between 15 - 20 cm, but only with snow fences at 
Clarkston and N-sulate fabric at Downey. No treatment increased soil water availability 
relative to the control at Spanish Fork. We expected that an increase in deep soil water 
availability would consistently result in increased life stage outcomes (Minnick and 
Alward, 2012; David, 2013; Gornish et al., 2015), but we did not find a clear relationship 
between the two. Rather, the increase in deep soil water proved to be beneficial only for 
seedling establishment inside N-sulate fabric plots at Downey, which received less winter 
precipitation than Clarkston and Spanish Fork. Since there was less snowpack at 
Downey, N-sulate fabric may have functioned similarly to deep snowpack by providing 
insulation from freezing temperatures, reducing evaporation, and increasing soil water 
availability. Although increased soil water inside snow fences at Clarkston did not benefit 
seedling emergence or establishment, it may have reduced seedling mortality late in the 
season, which is often associated with seasonal summer drought (Pyke, 1990; Donovan 
and Ehleringer, 1994; Booth et al., 2003). Given that we did not find a clear pattern 
between increased soil water and life stage outcomes, we hypothesize that soil 
temperatures may also be an important abiotic factor that determines life stage outcomes.  
 We also found that seed coatings increased seedling emergence and establishment 
at all sites and found few differences in life stage outcomes with different seed coating 
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materials. This suggests that seedling emergence and establishment of basalt milkvetch 
can be improved when using either fungicide, hydrophobic, or plasticizer seed coatings. 
Ultimately, we did not find a silver bullet for native forb restoration, but our 
research provides new insights into the abiotic factors and bottlenecks that perpetuate 
unsuccessful native forb restoration in the Great Basin. Overall, the results from Chapters 
2 and 3 indicate that snow fences and N-sulate fabric have the potential for more 
widespread use in native forb restoration, but additional research is needed to increase the 
efficacy of these treatments beyond seedling emergence and establishment and to identify 
the site conditions that are best-suited for our treatments. Given the benefits of seed 
coatings on seedling emergence, further research with other native forb species using 
fungicide and hydrophobic seed coatings could be fruitful. Such research could also assist 
in significantly increasing seedling emergence, which other studies, including our own, 
have found to be one of the most limiting life stages in Great Basin restoration 
(Chambers, 2000; Wirth and Pyke, 2003; James et al., 2011).  
Further research is also needed to improve our understanding of how abiotic 
factors such as soil water availability and soil temperature are influencing life stage 
outcomes. Studies that are conducted in growth chambers, greenhouses, and field 
environments under different soil water and soil temperature regimes representative of 
the Great Basin and with different forb species may help identify suitable site conditions 
for snow fences and N-sulate fabric as well as additional species that are suitable for 
restoration. Ultimately, these studies could provide practitioners with the information 
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needed to improve treatments that mitigate the highly variable environmental conditions 
found in the Great Basin and lead to consistently successful restoration of native forbs.  
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Appendix 1. Schematic of experimental plot layout used in Chapter 2 and Chapter 3. 
Vertical bars inside each treatment (Snow Fence, Control, N-sulate) represent seed rows. 
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